Introduction
possess ore grades and tonnage are restricted to carbonate host rocks. The most famous willemite deposits are probably the Sterling Hill (24 Mt at 19.6% Zn) and Franklin Furnace deposits in New Jersey (e.g., Frondel and Baum, 1974; Johnson et al., 1990) . These deposits have undergone granulite-facies metamorphism, and hence the nature of the primary mineralization is difficult to decipher. The most recent of these studies favors a syngenetic exhalative or shallow hydrothermal origin for the highly oxidized orebody rather than metasomatism or alteration of a preexisting sulfide orebody (Johnson et al., 1990) . The Vazante deposit in Minas Gerais, Brazil (19.2 Mt at 21 wt % Zn) is hosted in a shear zone and has been tectonically imbricated with small sulfide lenses (Monteiro et al., 1999) . Recent isotopic and petrographic studies indicate formation temperatures between 206°C and 294°C, similar to the metamorphic temperatures. Consequently, Monteiro et al. (1999) advocated syndeformation precipitation of willemite. Willemite is a common mineral in the Otavi Mountain Cu-Pb-Zn-V-Ag-Ge-Ga province in Namibia (Piranjo and Joubert, 1993; Cairncross, 1997) . The largest willemite deposit in this region is Berg Aukas, where karst-hosted Pb-Zn-Ag sulfide ore has been deeply weathered, and willemite is the main Zn mineral in the ore in large portions of the mine. The last stage of the alteration introduced large amounts of vanadium, interpreted to have been carried in oxidized fluids (Cairncross, 1997) . A similar situation occurs at the Star Zinc deposit, one of the largest willemite resources in the Zambian copper belt (98,000 t Zn, unknown grade; Sweeney et al., 1991) , where willemite also replaces sphalerite ores. Fluid inclusions in willemite from this deposit display large ranges in salinity (5-22 wt % NaCl equiv) and temperature (150°-250°C; Sweeney et al., 1991) , indicating that willemite replaced sphalerite under hydrothermal conditions. Finally, small high-grade willemite orebodies occur in Lower Cambrian carbonates of the Adelaide geosyncline in South Australia. These deposits have traditionally been interpreted as resulting from the alteration of preexisting sulfide orebodies (e.g., Horn, 1975) , despite the lack of relict sulfide or replacement textures. Recent studies indicate that ore deposition took place at temperatures higher than 100°C (Burdett, 2000; Hallam, 2000) and suggest a primary hydrothermal origin for these deposits.
From this short review, it is clear that willemite can form under a wide variety of conditions in a variety of geologic environments from low to high temperature. Understanding the conditions of formation, especially in hydrothermal environments, has important implications for mineral exploration. In the case of low-temperature alteration, exploring for a willemite deposit is similar to exploring for a near-surface sulfide orebody. In the case of hydrothermal formation, however, exploration strategies need to be developed with an understanding of the nature of hydrothermal fluids and depositional processes. Hence, exploration may need to be targeted outside the zones favorable for sulfide orebodies.
The principal aim of this study is to examine the physical and chemical controls on the formation of willemite under hydrothermal conditions, using thermodynamic modeling. More specific aims are to assess the quality of available thermodynamic properties of zinc minerals and aqueous species, identify potential indicator minerals useful in exploring for willemite-bearing hydrothermal deposits, and understand the physicochemical processes that are most important in forming at least some willemite-bearing hydrothermal deposits. We address the first several aims for the general case and the last using the example of the Beltana deposit in South Australia.
Hydrothermal Geochemistry of Zinc and Solubility of Willemite and Related Minerals
The solubilities of willemite and related minerals depend on several physical and chemical variables, such as pressure, temperature, acidity, redox state, ligand (e.g., chloride, sulfide, sulfate) concentrations, dissolved concentrations of other elements or compounds present in ore-bearing minerals (e.g., SiO 2 for willemite, CO 3 2-for smithsonite), and partial pressures of gases (e.g., CO 2 , H 2 S, H 2 ). In hydrothermal environments these variables can change in response to a variety of processes that include cooling, compression or decompression, fluid mixing, water-rock interaction, fluid immiscibility, and boiling. One or more of these processes may be important in the formation of willemite deposits under hydrothermal conditions. Understanding the conditions of willemite formation, especially relative to sphalerite and other zinc minerals, is a first step in understanding the processes.
We use numerical models to predict the aqueous speciation of zinc and solubilities of zinc and other minerals throughoutwide ranges in temperature (25°-300°C), pH (0-12), redox state (log f O 2 (gas) = -60 to -20), chloride activity (log a Cl -= -3 to +1), sulfur activity (log a dissolved sulfur species = -4 to -1) and activity of carbon species (log f CO 2 (gas) = -10 to +3). As part of our study we assessed the quality of the thermodynamic data for zinc aqueous species and minerals. The aqueous speciation of zinc and other relevant species, solubilities of zinc minerals and simulations of physicochemical processes were calculated and depicted using Geochemist's Workbench (Bethke, 1996) , a customized version of EQBRM (Anderson and Crerar, 1993) , and the Matlab programming environment (Borse, 1997) . In most cases we used the thermodynamic properties in the database distributed by the Lawrence Livermore National Laboratory (version 8, revision 6) as contained in Geochemist's Workbench, except where noted below. Activity coefficients for charged aqueous species were estimated using the b-dot version of the extended Debye-Hückel equation (Helgeson, 1969) as included in version 3.2 of Geochemist's Workbench and were assumed to be 1 for neutral aqueous species, except for nonpolar species such as O 2(aqueous) , SiO 2(aqueous) , CO 2(aqueous) and CH 4(aqueous) . For calculations at true ionic strengths greater than 3, the ionic strength was assumed to remain constant at that value (see Bethke, 1996, p. 109-114) .
Assessment of thermodynamic properties of zinc species
We assessed the reliability of the thermodynamic properties (i.e., log K of reaction) for zinc aqueous and mineral species by reviewing the literature, comparing published log K values, and comparing calculated zinc mineral solubilities with experimental values. It was beyond the scope of our study to assess the reliability of related species (e.g., sulfurand carbon-bearing species), although we discuss possible uncertainties in the properties of relevant species below. Our extensions and modifications of the Lawrence Livermore National Laboratory database (version 8, revision 6) are noted in Table 1 .
Zinc chloride complexes are likely to be the most important in the chloride-rich hydrothermal brines commonly associated with zinc deposits. The two main experimental studies devoted to the aqueous speciation of Zn in chloride brines at elevated temperature are Ruaya and Seward (1986) and Bourcier and Barnes (1987) , although Wesolowski et al. (1998) reported experimental data at 200°C. Ruaya and Seward (1986) measured the solubility of AgCl (solid) in NaClZnCl 2 solutions (0.3-3.5 m total Cl -) between 100°and 350°C and derived the thermodynamic properties of Zn chloride complexes present under those conditions. Figure 1a shows that the agreement between the model used in the present paper and the experiments is good at 100°C, especially at low chloride concentration. At 275°C, the predicted silver solubility is approximately four times as high as was measured, despite the fact that the association constants for Zn chloride complexes used in our calculations are those derived by Ruaya and Seward (1986) . This discrepancy arises from the different thermodynamic properties for non-Zn species (e.g., AgCl (solid) , Ag + , Ag chlorocomplexes, HCl (aqueous) ) used by Ruaya and Seward (1986) and in the Lawrence Livermore National Laboratory database, as well as the different activity models used by Ruaya and Seward (1986) and MgSO 4(aqueous) ; from the slop98.dat computer file) and PdSO 4(aqueous) (Sassani and Shock, 1998) et al. (1978) Values of equilibrium constants extrapolated in this study are listed Modifications to the Lawrence Livermore National Laboratory (Version 8, Revision 6) thermodynamic database implemented in GWB 1 = Not present in Lawrence-Livermore National Laboratory V8 R6 database 2 = Present in the Lawrence-Livermore National Laboratory V8 R6 database, but replaced by own values 3 = Lawrence-Livermore National Laboratory V8 R6 database (unaltered) 4 = Data for limited temperature range in LLNL V8 R6 database . This species has been relevant silver and zinc aqueous and mineral species because we do not know which properties are in error and, more important, we found that the conclusions drawn from our calculations are not affected. The slope of the predicted solubility curve is similar to that of the experiments and the difference is less than one order of magnitude, even at high salinity. Although the discrepancy may be important in reactive or mass transport calculations, it does not affect the calculated change in mineral solubility with salinity or the predicted mineral precipitation sequences. Bourcier and Barnes (1987) measured the solubilities of three zinc minerals, sphalerite in Na-HS solutions and smithsonite and zincite in NaCl-CO 3 2-solutions. In the latter experiments they measured the total dissolved zinc concentration and the partial pressure of CO 2(gas) , and they used the latter value to calculate the high temperature pH. The predicted zinc concentrations in this study and the measured values for the smithsonite solubility experiments are in excellent agreement (Fig. 1b) , in part because of new properties for smithsonite derived by Preis et al. (2000) . In the case of zincite solubility, the predicted and measured concentrations are in excellent agreement at 300°C, and within a factor of 3 at 200°C (Fig. 1c) .
Other zinc aqueous complexes may be important in some hydrothermal waters and brines (e.g., Zn hydroxide, Zn sulfate, Zn carbonate, Zn acetate, Zn ammine), and a number of those have been included in our calculations (see Table 1 ). Zn bisulfide complexes are responsible for the transport of significant quantities of zinc only in high sulfidation systems in which bisulfide concentrations exceed 0.1 molal. At lower bisulfide concentration, the solubility of sphalerite is so low that Zn bisulfide complexes are unlikely to be important in transporting zinc. Zinc hydroxide complexes have been studied recently by Benezeth et al. (1999) , using measurements of zincite solubility at pH between 4 and 11 and temperature between 75°and 200°C, but their derived thermodynamic properties disagree with those of Hanzawa et al. (1997) and Shock et al. (1997) . We chose to retain the values suggested by Shock et al. (1997) because the discrepancies between the three studies are in different directions for each of the zinc species, and in most of our calculations zinc hydroxide complexes were predicted to be insignificant relative to chloride complexes, regardless of which published values we used for the hydroxide complexes.
The log K values of solubility reactions for the minerals sphalerite, wurtzite, zincite, and ferrite Zn were taken from the Lawrence Livermore National Laboratory database, but the values for hydrozincite, smithsonite, and willemite were modified to take into account recent studies ( Table 1 
Speciation of zinc in hydrothermal waters and brines
The speciation of zinc in solution and the stability fields of zinc minerals are shown in a series of activity-activity diagrams (Figs. 2, 3, 4, and 5) . Note that in these diagrams we use activities instead of concentrations (i.e., pH, log f O 2 (gas) , log f CO 2 (gas) , log a Cl -, log a quartz ) to show the relative effects of changing different physicochemical variables. The effects of each variable are summarized below.
Redox: The most direct effect of redox conditions is the speciation of sulfur, i.e., sulfide or sulfate species (Figs. 2 and 3), which indirectly affects the stability of zinc minerals and zinc speciation. Willemite is stable under oxidizing conditions and high pH (Fig. 2) . With increasing temperature, the boundaries between willemite and sphalerite are predicted to shift to more reducing conditions relative to sulfide or sulfate (Fig. 2) . At 100°C, willemite + magnetite is predicted to be stable in a small field, but with increasing temperature that field grows. This fact is important in understanding the redox 822 BRUGGER ET AL.
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1.E-02 (Bethke, 1996) using thermodynamic properties reported in the studies listed in Table 1 . Activity coefficients of aqueous species were estimated using the b-dot equation of Helgeson (1969) for charged species and assumed equal to 1 for neutral species (see text). conditions of willemite formation in hydrothermal environments, and the iron oxide minerals may be useful as indicator minerals in mineral exploration. Under oxidizing conditions, where sulfate predominates over sulfide, the zinc sulfate complex predominates over zinc chlorides at high sulfate activities ( Fig. 3a, b) . We calculated that the zinc sulfate complex predominates at aSO 4 2-> 10 -3 at 100°C and either lower or higher values at 300°C, depending on pH (10 -5 at pH = 3 and 10 -1 at pH = 7) because of the presence ZnOH + . Under reducing conditions, where sulfide species predominate, zinc sulfide complexes can predominate (Fig. 3c, d) ; however, the solubility of sphalerite is low at pH >3 and dissolved sulfide concentrations (<0.1 molal) encountered in most geologic environments and it is unlikely that much zinc can be transported under such conditions. In both cases where sulfur complexes predominate, the solubility of zinc minerals will increase with increasing concentrations of dissolved sulfur.
pH: In the absence of ligand concentrations high enough to complex the zinc ion, Zn 2+ predominates under acidic conditions (pH <5-6 at 100°C; pH <2-4 at 300°C) and zinc hydroxide complexes predominate at neutral to basic conditions. Therefore, the solubility of zinc minerals will increase with decreasing pH under acidic conditions and with increasing pH under neutral to basic conditions. Depending on the ligand concentrations a variety of zinc complexes can exist, such as zinc bisulfide, sulfate and/or chloride complexes (Fig.  3) . Under the conditions shown in Figure 3 , zinc chloride complexes predominate at low pH and higher chloride concentrations and control the solubility of the willemite and sphalerite, whereas at high pH, hydroxide complexes are important. The solubility of zinc minerals shows a minimum at intermediate pH, where zinc sulfide-sulfate complexes predominate depending on the oxidation potential and total concentrations of sulfur.
Temperature: Zinc speciation changes with increasing temperature; e.g., ZnCl 2(aqueous) predominates at 25°C, whereas ZnCl 4 2-predominates at 100°to 300°C at the same chloride activity (a Cl -= 1; Fig. 4 ). The solubility of zinc minerals is therefore more sensitive to changes in chloride concentration at higher temperature. Figure 3 shows some of the changes in speciation for Zn chloride, sulfide and sulfate complexes at temperatures of 100°and 300°C. , and OH -. Diagrams are drawn for two different ranges of oxidation potential, i.e., where sulfate species predominate (oxidized; Fig. 3a , c) and where sulfide species predominate (reduced; Fig. 3b, d ).
Presence of ligands (Cl
The chloride concentration of the fluid forming Zn deposits varies, but in general lies in the range of 1 molal (approximately 5 wt % NaCl) to greater than 6 molal (approximately 30 wt % NaCl), the highest value reported for many Mississippi Valley-type deposits. Under these conditions, a highorder Zn 2+ chloride complex, ZnCl 4 2-, is predicted to be the main complex responsible for Zn transport in geologic brines at low pH. Zn 2+ also forms strong complexes with the hydroxide ion, but only under basic conditions (e.g., pH >6, depending on temperature and presence of zinc sulfide and sulfate complexes; Fig. 3 ; cf. Hanor, 1996) .
The solubility of zinc minerals may also increase in the presence of the sulfate ion, especially at low temperature, e.g., <100°C. Figure 3 shows that in sulfate-rich brines (>0.1 molal SO 4 2-), the complex ZnSO 4(aqueous) is predicted to be the main dissolved zinc species in neutral to acidic brines. The addition of reduced sulfur causes the precipitation of sphalerite. Therefore, the bisulfide complexes (e.g., Zn [OH] [HS] (aqueous) and Zn [HS] 3 -) are probably not important for the transport of zinc, because the amount of zinc in solution is low (<1 ppm) under these conditions (Hanor, 1996) .
The available thermodynamic properties of zinc carbonate and zinc bicarbonate complexes suggest that these species do not play a major role in Zn transport in ore-forming fluids, except possibly the zinc bicarbonate complex at low chloride concentrations (Bourcier and Barnes, 1987) .
Fugacity of CO 2(gas) and presence of silica: The fugacity of CO 2(gas) and the amount of dissolved silica affect the relative stabilities of hydrozincite (Zn 5 [CO 3 ] 2 [OH] 6 ), smithsonite (ZnCO 3 ), willemite, and zincite (ZnO). Figures 4 and 5 illustrate these relationships as well as the effect of temperature, as a function of pH and log f CO 2 (gas) (Fig. 4) and log a quartz and log f CO 2 (gas) (Fig. 5) . We chose to use the activity of quartz instead of the more common aqueous silica species, H 4 SiO 4(aqueous) or SiO 2(aqueous) , to show the degree of quartz undersaturation directly. In order to represent the possibility of amorphous silica controlling dissolved silica, we calculated the diagram for log a quartz up to 1.
The stability field of smithsonite shrinks as temperature increases: for example at 25°C, it is stable with respect to willemite at log f CO 2 (gas) > -1.6 (Fig. 4) , whereas at 100°C, smithsonite is stable at higher log f CO 2 (gas) (>0.5). At 300°C, according to our calculations, smithsonite is stable relative to willemite at log f CO 2 (gas) >3, e.g., approximately 1 kbar partial pressure of CO 2(gas) . This calculation is consistent with the common occurrence of smithsonite as a low-temperature alteration product of sphalerite, and we do not expect smithsonite to form readily as a primary mineral in hydrothermal deposits (at least those above approximately 100°C). Note that the diagrams in Figure 4 are drawn for quartz-saturated conditions. At 25°C hydrozincite is stable at lower log f CO 2 (gas) than smithsonite and under quartz undersaturated conditions (e.g., >2.5 log units undersaturated; Fig. 5a, b) . Hydrozincite is stable at atmospheric CO 2(gas) (log f CO 2 (gas) = -3.5), and its stability field expands as pH increases from 6 to 8 (Fig. 5a, b) . The predicted stability of hydrozincite at neutral to basic pH at atmospheric f CO 2 (gas) (Fig. 5b) explains why it is commonly observed as an alteration product of sphalerite not only in the supergene environment but also as a recent product developing in mine dumps. As temperature increases to 100°C, the stability fields of hydrozincite and smithsonite shift to higher log f CO 2 (gas) and the hydrozincite field shrinks (Fig. 5b, c) .
Willemite is stable with respect to zincite at conditions where quartz is less than three orders of magnitude undersaturated (log a quartz > -3 at 25°C and -3.5 at 100°C; Fig. 5 ). At higher log f CO 2 (gas) , willemite is stable with respect to hydrozincite only at higher degrees of quartz saturation (Fig. 5) .
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Solubilities of willemite, sphalerite, hydrozincite, smithsonite, and zincite
We calculated the solubility of hydrozincite, smithsonite, sphalerite, willemite, and zincite for a wide range of conditions, systematically varying temperature (50°-300°C), pH (2-8), chloride concentration (0.1-5 m), total sulfur concentration (10 -4 -0.2 m), dissolved carbon (controlled by the composition of the vapor phase: log (f CO 2 (gas) + f CH 4 (gas) ) from -3.5 to 3) and redox conditions (calculated relative to 10 2 < f CO 2 + f CH 4 < 10 25 ). The solubilities of each of the five minerals were calculated for 73,500 solution compositions. Na concentrations were adjusted to ensure charge balance. The result of these calculations is a matrix of solubilities for each of the five minerals. Some three-dimensional projections from this dataset are presented in Figures 6 and 7. In these diagrams, the solubility of the zinc minerals is expressed as log ppm Zn total . The different surfaces are labeled on each graph; one of the surfaces in each graph is semitransparent to make it easier to see the relationships. Note that when one assumes equilibrium, 5. The effect of the degree of quartz undersaturation (used instead of silica activity to show directly the proximity to quartz), fugacity of CO 2(gas) , and pH on the relative stability of willemite, smithsonite, hydrozincite, and zincite at 25°C (a, b) and 100°C (c). The diagrams are drawn for oxidizing conditions, assuming that carbon is present only as carbonate and sulfur is present only as sulfate. Both diagrams are drawn assuming a Cl -= 1, activity of sulfate species = 10 -4 , and activity of Zn species = 0.1.
the mineral controlling Zn concentration in the solution is the one with the lowest solubility, and this mineral is the one that is predicted to precipitate from a supersaturated solution. All the other surfaces are metastable. Some points or parts of the surface may be missing in some diagrams, indicating that the speciation calculation did not converge for these particular conditions. This lack of convergence generally occurs when the solubility of the phase is high (>>1,000 ppm Zn), as a result of numerical problems related to maintaining electrical charge balance in the model solutions. Solubility plots of this type can be used to depict the relative stability of the different minerals and the effects of combinations of variables on their solubilities. The latter is important for recognizing likely precipitation mechanisms, i.e., conditions under which relatively small changes in one or several chemical or physical variables will result in the precipitation of dissolved Zn. The different diagrams depicted here were chosen to show the potential effects of ore-forming processes such as cooling, fluid-rock interaction, and fluid mixing. Solubility plots have an advantage over activity-activity diagrams in that they show concentrations rather than activities and hence can be used directly to show dissolved element concentrations. These plots also show the differences in the relative solubilities of multiple minerals, indicating the magnitude of changes in chemical conditions that will result in the stabilization of a metastable phase. For example, in Figure 6b , calculated for 300°C and oxidized conditions, the proximity of the willemite and zincite surfaces suggests that a small change in a variable not depicted, such as a small decrease in silica activity, will be sufficient to stabilize zincite relative to willemite.
Temperature vs. f O 2 (gas) (e.g., cooling): The diagrams in Figure 6 depict the solubilities of sphalerite, willemite, smithsonite, and zincite as a function of temperature and redox state at acidic pH (5) and neutral to basic pH (neutral pH 25°C = 7; pH 50°C = 6.6; pH 300°C = 5.7) for a given fugacity of CO 2(gas) and total concentrations of Cl and S. For reference, a dark line on the sphalerite solubility surface shows the location of the hematite-magnetite boundary as a function of temperature and redox state. The redox scale in Figure 6 is in log (f CO 2 (gas) + f CH 4 (gas) ) units, because the redox scale changes with temperature. The log (f CO 2 (gas) + f CH 4 (gas) ) scale is related to log f O 2 (gas) by the following chemical reaction and equation: CH 4 (gas) + 2O 2 (gas) = CO 2 (gas) + 2H 2 O(l) fCO 2 (gas) log fO 2 (gas) = 1 ⁄ 2 (log -----log (K T,P )), fCH 4 (gas) where K T,P is the equilibrium constant for the reaction at a given pressure and temperature. The solubility of sphalerite is low ([Zn] <1 ppm) at low temperature under reducing conditions, but it increases with increasing temperature above 100°C and also under oxidizing conditions as sulfate replaces sulfide as the predominant sulfur species. The solubility of willemite depends much less on temperature (Fig. 6) . Under acidic conditions, the predicted solubility of willemite displays a minimum between 150°and 200°C but remains extremely high (>1,000 ppm; Fig. 6a ). Under neutral to basic conditions, the solubility of willemite decreases by about two orders of magnitude as the fluid becomes more oxidized (Fig. 6b) . This decrease reflects that the Zn(HS)(OH) (aqueous) aqueous complex becomes less stable as conditions become more oxidizing and Zn chloride complexes predominate. Under even more oxidizing conditions at basic pH at 300°C, sphalerite dissolves and is replaced by willemite near the hematite-magnetite boundary (Fig. 6b) 
FIG. 6. Predicted solubilities of willemite, sphalerite, zincite, and smithsonite as a function of temperature and redox conditions. Geochemist's Workbench (Bethke, 1996) and Matlab (Borse, 1997) were used to calculate and plot diagrams. Both diagrams are drawn for (f CO 2 + f CH 4 ) = 10, Cl tot = 1 m, S total = 1 m and quartz saturation. Hm = hematite, Mt = magnetite, Sm = smithsonite, Sp =sphalerite, Wm = willemite, Zct = zincite.
in the absence of bisulfide in the solution, i.e., under low total sulfur and/or oxidizing (sulfate predominant) conditions, such as near-surface environments. Smithsonite and zincite have generally higher predicted solubilities than sphalerite and willemite for the conditions of ures 6 and 7. The solubility of smithsonite decreases with decreasing temperature, and it may become the stable zinc mineral at low temperature and under basic and oxidized conditions ( . 6b). The solubility of zincite varies in a manner similar to that of willemite; zincite may precipitate instead of willemite if the activity of dissolved silica is low enough (e.g., . 5).
Redox state and pH (e.g., fluid mixing or fluid-rock interaction): Figure 7 shows the effects of changing redox state, pH, chloride concentration, and temperature on the solubilities of several zinc minerals. In general, sphalerite has the lowest solubility, i.e., it predominates throughout most of the conditions shown in Figure 7 ; however, with increasing temperature, oxidation, and pH, other minerals can have lower solubilities and may precipitate. Note that the solubility of sphalerite increases with decreasing sulfur, i.e., at sulfur concentrations less than the value of 0.01 m used to calculate Figure 7 . At low temperature, e.g., 50°C, the solubility of sphalerite is insensitive to changes in pH and redox state, except under very acidic conditions (pH <3) and/or oxidizing conditions as shown in Figure 7a . With increasing temperature, e.g., 300°C, sphalerite solubility is also insensitive to pH and redox state but over smaller ranges (Fig. 7c) . Sphalerite solubility is more strongly affected by pH and oxidation potential at high chloride concentrations, e.g., 5 m (Fig. 7b, d ), and at higher temperature (300°C) the solubility of sphalerite strongly depends on pH at slightly basic to acidic conditions (pH <7). The insensitivity of sphalerite solubility to pH and FIG. 7. Solubilities of willemite, sphalerite, zincite, and smithsonite as a function of pH and redox state, temperature, and chlorinity. The diagrams are drawn at quartz saturation, S total = 0.01 m and (f CO 2 + f CH 4 ) = 10 -3.5 at 25°C and 10 at 300°C. Information on calculations and abbreviations as in Figure 6 . oxidation potential at low temperature is due to the following reaction: ZnS (sphalerite) + H 2 S (aqueous) = Zn(HS) 2(aqueous) , which does not involve H + or O 2(gas) . The effects of oxidation potential and pH at higher temperatures are dominated by the following reactions: ZnS (sphalerite) + 2O 2(gas) = Zn 2+ + SO 4 2-ZnS (sphalerite) + 2H + = Zn 2+ + H 2 S (aqueous) With increasing temperature, the calculated mineral solubility surfaces are closer and they intersect at more reducing conditions and lower pH (Fig. 7) . These observations reinforce the results discussed above (i.e., willemite is likely to form instead of sphalerite at > 200°C and neutral to basic pH > 6 and/or higher oxidation potential; e.g., hematite is stable until temperatures of 300°C, at which magnetite + willemite can be stable). At low temperature, the solubility surfaces for willemite, zincite, and smithsonite are all several orders of magnitude higher than for sphalerite, except at very oxidizing and basic pH conditions. With increasing temperature and chloride concentration, the surfaces for willemite and zincite are much closer to sphalerite, indicating that the silicate and oxide are more likely to precipitate from high temperature brines, even with reduced sulfide present. Smithsonite appears to be most soluble relative to the other zinc minerals at high temperature but is likely to form at low temperature in the absence of reduced sulfide and under quartz-undersaturated conditions, as mentioned above.
Case Study: The Beltana Willemite Deposit
Regional geology
The Beltana willemite deposit is located in the Adelaide geosyncline, a north-south elongated trough that is interpreted to have developed as a rift in the South Australian craton (Fig. 8) . The Adelaide geosyncline contains a thick (up to 15 km) Neoproterozoic sedimentary sequence overlain by Lower Cambrian carbonates (Preiss, 1987) . The Cambro-Ordovician Delamerian orogeny marked the end of sedimentation. A simplified lithostratigraphic column for the geosyncline is presented in Figure 9 . The Beltana deposit is located at the tectonic contact between the diapiric Callanna Group and the Cambrian Ajax Limestone (Figs. 9 and 10) . Recent mapping by Perilya Resources resulted in the subdivision of the Ajax Limestone into Woodendinna Dolomite (at the base) that hosts the willemite at Beltana, and lower and upper Wilkawillina Limestones (Groves et al., 2003) .
The Callanna Group contains the oldest sediments of the Adelaide geosyncline. The Callanna Group consists of large amounts of mainly basaltic, subaqueous volcanic rocks overlain by thick evaporitic mixed carbonate and clastic sequences, where the evaporites now crop out as numerous diapirs that intrude the younger Neoproterozoic and Lower Cambrian sedimentary rocks (Fig. 8) . Diapirism was probably initiated by sediment loading during the Neoproterozoic-Lower Cambrian (Dyson, 2001 ) and, along with the associated faults, reactivated during the Delamarian orogeny. The Callanna Group rocks in the Beltana diapir consist of gray and red shales, commonly containing numerous halite pseudomorphs, and represent sediments that were deposited in hypersaline tidal flats (Preiss, 1987) .
The Ajax Limestone is a Lower Cambrian fossiliferous platform carbonate unit, commonly containing abundant archaeocyathids. The least altered Ajax Limestone has a beige color, may be extensively silicified, and consists mainly of calcite. It is commonly dolomitized on a regional scale. This regional dolomite has a brown color in outcrop but is not associated with Fe addition. In the absence of a correlation between brittle structures and this regional dolomitization, it is assumed that dolomitization took place at an early, probably diagenetic stage (Curtis et al., 1991) .
Ore mineralogy
At Beltana, willemite occurs in three distinct, steeply dipping saucer-shaped orebodies that pinch out at a maximum depth of approximately 100 m. The host rock is dolomitized Ajax Limestone. The willemite mineralization occurred at the footwall of a major fault that brings a diapiric breccia consisting of Callanna Group rocks in contact with the Ajax Limestone (Fig. 10) . In and around the mineralized zone, the Ajax Limestone is colored red by hematitic and dolomitic alteration. Mapping the intensity of the hematitic alteration using a color index scheme shows that hematite alteration follows the contact between the Beltana diapir and the Ajax Limestone, and that willemite occurs where the hematite alteration is most intense (Burdett, 2000) . The contact between the diapir and the Callanna Group is best exposed in the opencut mine (Fig. 10) . On the hanging wall (Callanna Group side), the contact is underlined by white quartzite that may belong to the Callanna Group and that was squeezed along the contact owing to rheologic differences between the quartzite and the embedding shale matrix (arrow L on Fig.  10 ). On the footwall (Ajax Limestone side), the contact is underlined by a dark band that corresponds to intense hematitic alteration (several vol % hematite; arrow D on Fig. 10) .
The Beltana deposit contains zinc-rich and lead-rich zones (Horn, 1975; Burdett, 2000; Hallam, 2000) . Sulfides are totally absent from the mineralized zone. The ores occur as replacement and as cavity fillings. The main zinc ore is willemite, which occurs predominantly as a white cement lining large cavities. The willemite also occurs as a replacement of dolomitized and hematitized Ajax Limestone. The last mineral to crystallize in the cavities was calcite (or dolomite in some places), and many cavities retain open space. The willemite ore contains high levels of arsenic (0.5 wt % As; Groves et al., 2003) . Most of the arsenic and lead (0.4-2.5 wt %) in the willemite ore are hosted in the mineral hedyphane, Ca 2 Pb 3 (AsO 4 ) 3 Cl, which occurs as a greenish, coarse-crystalline replacement of carbonate or cavity filling and as white, hexagonal, bipyramidal crystals up to 1 cm in cavities (Elliott, 1991) . Hedyphane is overgrown by calcite and dolomite in the vugs. Coronadite occurs in the gossan overlying the deposit, in veins and fractures crosscutting the willemite orebody, and as late-stage vug fillings. Coronadite is also the main Pb mineral in the matrix of the karst collapse breccia recognized by Groves et al. (2003) . This breccia forms a Pbrich pipe at the center of the willemite orebody.
Internal sediments in the solution cavities in the willemite ore consist of finely laminated red and white willemite. This bedding is nearly horizontal, whereas the Ajax Limestone figure) . Modified after Preiss (1987) . beds are steeply dipping, indicating that the willemite mineralization postdated significant deformation (i.e., diapiric intrusion and Delamarian orogeny; Burdett, 2000) . Hallam (2000) measured homogenization temperatures from fluid inclusions in hydrothermal calcite that immediately postdates willemite and hedyphane and found temperatures ranging from 70°to 180°C, although most samples had homogenization temperatures between 70°and 130°C. Although Hallam (2000) did not measure many inclusions (46 from six samples), these data help to constrain the mineralization temperatures at Beltana and rule out near-surface low temperature alteration of sulfide ores as an origin for the Beltana willemite. Additional fluid inclusion work reported in Groves et al. (2003) supports this conclusion and demonstrates that saline brines (halite saturation) were involved in the formation of the willemite.
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Dynamic modeling of ore transport and deposition at the Beltana willemite deposit
The results from the modeling sections above show that willemite precipitation from hydrothermal solutions is favored by oxidizing conditions (approximately hematite-magnetite and above), neutral to basic pH, and elevated temperatures (>100°C). These conditions are consistent with the geology and mineralogy of the Beltana deposit. First, the mineralization is associated with hematite alteration in the limestone, indicating the involvement of oxidized fluids. The abundance of the arsenate mineral hedyphane associated with willemite also supports the unusually oxidized nature of the mineralizing fluid. Second, the Callanna Group provides a likely source for salinity and metals in the hydrothermal fluid. Although the Callanna group is highly heterogeneous, it contains large volumes of oxidized (hematite-bearing and/or gypsum-anhydrite-bearing) mixed carbonate and clastic sediments that are predominant in the Beltana diapir around and in the mine. The mineralogy of the sediments was determined for three samples from the Beltana open pit using powder X-ray diffraction (Philips PW1800 diffractometer, Co Kα radiation, a variable divergence slit and a graphite monochromator, with steps of 0.05°2θ with 3artz, muscovite (mainly 2M1 polytype, but possibly a mixture with 1M), dolomite, chlorite, microcline, and hematite, and two of the samples may contain small quantities of calcite. Third, the infiltration of hydrothermal fluids from the Callanna Group into the Ajax Limestone is strongly suggested by the distribution of hematite alteration, which is parallel to the fault that controls the diapir, and by the occurrence of a band of intense hematite alteration at the contact between the Callanna Group and the Ajax Limestone (Fig. 10) . Fourth, the occurrence of Zn minerals in solution cavities in dolomitic carbonates suggests that an acidic mineralizing fluid reacted with and was buffered by large amounts of carbonate, which would have resulted in the pH of the fluid becoming neutral to slightly basic. Fifth, the fluid inclusion data suggest that the temperature of mineralization may have exceeded 170°C in some places.
In order to test this conceptual model, we simulated fluid mixing and fluid-rock interaction assuming that a hot, acidic fluid derived from the evaporitic clastic Callanna Group reacted with the Ajax Limestone and mixed with the fluids in the Ajax Limestone. The results of the modeling are shown in Figures 11 and 12. In addition, the model that best represents the paragenetic sequence at Beltana has been used to model the evolution of the stable isotope composition of the Beltana carbonates.
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Simulation of mineral precipitation sequences
In the absence of direct information on the chemistry of the mineralizing fluid or fluids, initial fluid compositions were estimated on the basis of a number of assumptions summarized in Table 2 . The ore transporting hydrothermal fluid was assumed to have been at 200°C, on the basis of the fluid inclusion evidence of 170°C, and in equilibrium with quartz-muscovite-microcline and hematite-the observed mineralogy of the clastic sedimentary rocks in the Callanna Group. Given the strong textural evidence for dolomite dissolution in the Ajax Limestone by the mineralizing fluid, we assumed that the transporting hydrothermal fluid was undersaturated with respect to dolomite (log[Q/K] = -3), even though there are minor amounts of dolomite in the Callanna Group evaporitic sedimentary rocks. We assumed that the fluid is close to saturation with anhydrite (log[Q/K] = -0.74) and is strongly oxidized (log f O 2(gas) = -25) because of the ubiquitous presence of hematite and the occurrence of primary arsenate minerals in the orebody. A pH of 4.79 was estimated using the muscovite-quartz-microcline equilibrium and a potassium concentration of 0.41 m (Na/K ratio of 5). The sodium concentration was fixed at 2 molal (approximately three times seawater), and the chloride concentration was adjusted to maintain electrical neutrality (Cl = 2.45 molal).
The fluid from the Ajax Limestone is assumed to have been at equilibrium with dolomite and hematite at 120°C, strongly oxidized (log f O 2 (gas) = -10), and nearly neutral (pH = 6.84), on the basis of an estimated f CO 2 (gas) of 0.20. The fluid is assumed to have had a low chloride concentration of 0.19 molal. Figure 11 shows the results of three types of calculations involving the same two end-member fluids (Table 2 ) but different assumptions for the nature of fluid mixing and fluid-rock interaction (i.e., different ratios of hydrothermal fluid, host rock, and fluid derived from the Ajax Limestone, and different rates of mineral dissolution). Note that owing to the lack of thermodynamic properties, the main Pb ore mineral at Beltana, hedyphane, is not included in the thermodynamic model. The first two models simulate a system initially dominated by a brine transporting the metals. This situation is modeled by titrating dolomite and the water present in the Ajax Limestone into the ore-transporting fluid. In the third model (Fig. 11c) , we simulate a rock-dominated system invaded by increasing amounts of hydrothermal fluid.
In the first calculation, we titrated the Ajax Limestone fluid and dolomite into the hydrothermal mineralizing fluid to simulate fluid mixing and concurrent reaction with dolomitic host rock (Fig. 11a) . In the second case (Fig. 11b) , we assumed only a reaction between the hydrothermal fluid and the dolomite of the Ajax Limestone, in the absence of the water in the Ajax Limestone. In general, dolomite dissolution results in an increase of the partial pressure of CO 2(gas) , which prevents the precipitation of willemite by changing the pH to a slightly acidic condition. Figure 11b depicts the situation where CO 2(gas) is allowed to escape, which leads to a pH increase toward values that result in willemite precipitation. The results of the third calculation are shown in Figure 11c , where we assumed that the mineralizing hydrothermal fluid displaces an equivalent mass of reacted Ajax fluid (i.e., the "flush" model of Bethke, 1996) . In the "flush" model, the initial conditions represent the dolomitized Ajax Limestone (1,000 g of dolomite, 0.12 g of calcite, traces of hematite) and 1 kg of Ajax fluid in equilibrium with the bedrock at 120°C. This calculation simulates the change of composition in the rock as 30 kg of hydrothermal fluid flows through it, gradually displacing an equivalent amount of Ajax fluid. Figure 11a . a. Log f O 2 (gas) vs. pH diagram illustrating the speciation of As (solid lines) and sulfur (dashed lines) at 300°C. Note that the arsenate-arsenite boundaries are at much more oxidized conditions than the sulfate-sulfide boundaries. b. Evolution of the redox state of the model system in the absence and presence of arsenate species in the hydrothermal fluid. c. Evolution of the pH and f CO 2 (gas) of the model system.
WILLEMITE IN HYDROTHERMAL ENVIRONMENTS
The titration calculation (Fig. 11a) reproduces accurately the paragenesis observed at Beltana. The model shows initial dissolution of dolomite (~10 mm 3 dolomite/kg of hydrothermal fluid), followed by willemite precipitation and then by calcite precipitation. Willemite precipitation is controlled by the rise in pH to nearly neutral reported in Figure 12c , induced by the change of f CO 2 (gas) from the value in the hydrothermal fluid to the value found in the Ajax fluid. Hematite precipitation started early in the process, contemporaneously with dolomite dissolution, i.e., creation of pore space. Talc is predicted to appear as the system nears equilibrium with dolomite, but it is predicted to redissolve shortly after this equilibrium is achieved. Paragenetically early talc has not yet been described at Beltana, but no systematic study of the clay mineralogy of the deposit exists. Talc is known only in minor quantities as a late-stage products in the vugs.
The calculation in Figure 11b (no Ajax fluid involved) similarly predicts initial dolomite dissolution (porosity creation) concomitant with hematite precipitation. Small quantities of clay minerals (phlogopite, Ca saponite) are also predicted to appear early in the paragenetic sequence. Willemite appears only at the end of the reaction path, accompanied by a calcium arsenate. Calcite is not predicted to appear after willemite in this model.
The flush calculation (Fig. 11c) indicates an initial crystallization of willemite and calcite. As reaction progresses, calcite and then willemite redissolve, whereas large quantities of talc start to precipitate. Dolomite and hematite remain stable during the whole reaction path. This precipitation and dissolution sequence is in poor agreement with the observed paragenetic sequence.
In the case of Beltana a simple fluid-mixing model, in the presence of dolomite from the host rock (Fig. 11a) , furnishes an accurate representation of the observed paragenetic sequence.
Role of arsenate
Preliminary calculations using a simpler initial fluid composition (i.e., no arsenic) predicted that sulfate reduces to sulfide and resulted in the precipitation of sulfide minerals, something that is not observed at Beltana. Given the presence of hedyphane in the deposit, we incorporated arsenic in our calculations and found that it had a significant effect on the predicted changes in oxidation potential and resulted in the stabilization of willemite rather than sphalerite.
The mineralizing fluid must have carried large quantities of oxidized arsenic (arsenate), as demonstrated by the large amounts of hedyphane observed in the Beltana deposit. Iron in the mineralizing hydrothermal fluid is predicted to occur as an Fe(II) chloride complex, and hence the precipitation of hematite is an oxidation reaction. In the absence of arsenic, hematite precipitation causes the reduction of sulfate to bisulfide, e.g., which results in a rapid drop in log f O 2 (gas) and leads to the precipitation of sulfides (Fig. 12b ). In runs with no arsenic present, galena and/or sphalerite are usually predicted to precipitate during the latter part of the reaction path. However, in the presence of dissolved arsenate, the precipitation of hematite will proceed according to Italicized values are calculated assuming mineral saturation, equilibrium with a given f CO 2 (gas), or to insure electrical neutrality of the solution (charge balance), as indicated mineral is stable throughout the whole reaction path (Fig.  12b) .
Syngenetic or diagenetic arsenates have not yet been found in the Adelaide geosyncline, but their presence would provide a source for the arsenic in the Beltana deposit and would also explain the very oxidized nature of the hydrothermal fluids that are responsible for the formation of this deposit. Exhalative and diagenetic occurrences of arsenates have been reported in other sedimentary sequences (e.g., Bermanec et al., 1993; Brugger and Gieré, 2000) , and syngenetic hydrothermal activity has recently been recognized in the Adelaide geosyncline by for Von der Borch (1999), who interprets chalcedony-cemented dolomicrite lenses from the Proterozoic Bunyeroo Formation (Wilpena group, Fig. 9 ) as hydrothermal mounds ("cold vents").
Coronadite
Coronadite, one of the main Pb-bearing minerals at Beltana, contains manganese in its tetravalent oxidation state. No thermodynamic data are available for coronadite, but Mn(IV) minerals appear to be stable only under near-surface conditions where free oxygen is available (Fig. 12a) . Hypogene coronadite has been described from a number of deposits (see review by Hewett, 1971 ), but well-documented occurrences of hydrothermal Mn 4+ minerals are scarce, and detailed studies have demonstrated that at least some of the occurrences thought to be hypogene were indeed supergene (e.g., O'Reilly, 1992) . Hence, we interpret coronadite as a late product, formed when fresh oxygen-bearing meteoritic fluids penetrated the willemite orebody following the collapse of the hydrothermal karst. This explanation takes into account the thermodynamic and paragenetic evidence, as well as the Ordovician K-Ar age for the Beltana coronadite (Groves et al., 2003) . The fact that coronadite is locally overgrown by calcite that contains fluid inclusions with homogenization temperatures in excess of 70°C (C.E. Carman, pers. commun.) indicates that the karst collapse happened as the hydrothermal system was still active. Burdett (2000) measured the isotope ratios of carbon and oxygen in dolomite and calcite from the Beltana and nearby Aroona willemite deposits. The dolomitized Ajax Limestone defines a clear linear trend on a δ 13 C Peedee belemnite (PDB) vs. δ 18 O PDB diagram (Fig. 13) . The fresh Ajax dolomite has a composition close to that of Cambrian seawater (Ajax dolomite: δ 13 C = 0 and δ 18 O = -7; Cambrian seawater: δ 13 C = 0, δ 18 O = -4). The dolomite samples that have undergone hematite alteration define a linear trend toward more positive δ The stable isotope composition of the fluid and minerals during mineralization was modeled using Geochemist's Workbench in the titration run (Figs. 11a and 12) . The model takes into account only the temperature dependence of fluidmineral isotopic fractionation. The fractionation coefficients are from Northrop and Clayton (1966) and Sheppard (1984) for dolomite, and Bottinga (1969) and O'Neil et al. (1969) for≈ calcite. We assumed that the mineralizing fluid had a starting δ (Fig. 13) .
Simulation of isotopic variation
Conclusions
We have used thermodynamic modeling to understand the formation of willemite under hydrothermal conditions. This type of modeling is a powerful tool for predicting physicochemical conditions under which a particular mineral assemblage is stable and for identifying the geochemical processes that result in the precipitation of ore and other minerals. Our assessment of the thermodynamic properties of aqueous complexes and mineral of Zn shows that the properties for zinc chloride complexes (Ruaya and Seward, 1986) , smithsonite (Preis et al., 2000) , zincite (Helgeson et al., 1978) , and hydrozincite (Preis and Gamsjager, 2000) are reliable; the calculated and measured solubilities are within 0.2 log units, at temperatures up to at least 100°C and in solutions up to 5 molal NaCl. In the case of the solubilities of smithsonite and zincite, agreement between calculated and measured solubilities is within 0.2 log units up to 300°C. We did not assess the (Burdett, 2000) . Squares represent fresh and altered dolomites from the Ajax limestone, and diamonds represent hydrothermal dolomite and calcite precipitated in cavities. The thick gray arrow emphasizes the trend shown by the Ajax dolomite submitted to increasing degrees of hydrothermal alteration. The italicized labels show the position of the end members compositions calculated using the fluid mixing model of Figure 11a , and the black arrows show the evolution of the calculated mineral composition. reliability of zinc hydroxide, sulfate, carbonate, or other aqueous complexes of zinc, but in many ore-transporting and oreforming environments they are likely to be less important than zinc chloride complexes.
Willemite is stable with respect to sphalerite in hydrothermal environments at elevated temperature (>100°C), neutral to basic pH, oxidized conditions (at or above the hematitemagnetite buffer), and/or in the absence of dissolved sulfide. Increasing pH is an efficient way to precipitate willemite. Acidic ore-bearing fluids equilibrated with oxidized, clastic rocks will likely precipitate willemite when reacting with carbonate rocks, in particular if the fluids mix with a large volume of carbonate-equilibrated brines. Dynamic geochemical modeling shows that this situation explains the formation of the Beltana willemite deposit. The hydrothermal model also explains in a simple manner the observed carbon and oxygen isotope signature of the carbonates at Beltana. The model also suggests that hematite alteration will be ubiquitous around low to medium (<250°C) temperature hydrothermal willemite deposits.
The Adelaide geosyncline provides the general geochemical conditions favorable for hydrothermal willemite formation. It contains large volumes of oxidized clastic rocks capped by carbonate sediments, and its tectonic evolution (diapirism and Delamerian orogen) provided many opportunities for large-scale flow of basinal brines (e.g., Foden et al., 2000) . Indeed, additional willemite reserves have been recently discovered near Beltana at Reliance (Groves et al., 2002) .
Smithsonite is an abundant mineral at Reliance, where it developed at the expense of willemite during late-stage karstification of the willemite orebody. The thermodynamic modeling shows that, in contrast to willemite, smithsonite is unlikely to precipitate at elevated temperature but is stable in the supergene environment. A similar situation exists for hydrozincite. Hydrothermal smithsonite or hydrozincite deposits are unlikely. This conclusion is consistent with most known occurrences of these minerals, including the new Reliance discovery. Zincite, on the other hand, exhibits a behavior similar to that of willemite, although it has a higher solubility than willemite at quartz saturation. Zincite will precipitate under hydrothermal conditions instead of willemite if quartz is sufficiently undersaturated. This conclusion explains the coexistence of willemite and zincite in deposits such as Franklin, New Jersey.
The numerical modeling at the Beltana deposit also suggests the importance of some trace elements in the formation of sulfide-free willemite deposits. Arsenate in the ore-forming fluid appears to have played a role in preventing the reduction of sulfate to sulfide in response to the oxidation of dissolved ferrous iron to hematite. This situation further illustrates the sensitivity of hydrothermal willemite precipitation to a number of geochemical parameters. Note that in general the role of nonore trace elements in the formation of ore deposits is poorly understood, and modeling of the type shown here can be used to investigate this question.
In view of the present study, the rarity of hydrothermal willemite deposits is explained by the requirement for a number of geochemical conditions that are rarely met in nature at scales enabling the formation of economic Zn deposits. In contrast, most sulfide Zn deposits form because of the extremely low solubility of Zn sulfides at low temperature in the presence of dissolved sulfide; the interaction of a metal-rich, sulfide-free fluid with a reducing and/or sulfide-rich rock or fluid triggers quantitative precipitation of Zn sulfides. This situation can occur at a large scale in numerous geologic situations, including many sedimentary sequences where redox boundaries are commonly encountered.
